Abstract Discrete chromatin domains (ChrD), containing an average of~1 Mbp DNA, represent the basic structural units for the regulation of DNA organization and replication in situ. In this study, a bio-computational approach is employed to simultaneously measure the translational motion of large populations of ChrD in the cell nucleus of living cells. Both movement and configurational changes are strikingly higher in early S-phase replicating ChrD compared to those that replicate in mid and late S-phase. The chromatin dynamics was not sensitive to transcription inhibition by α-amanitin but was significantly reduced by actinomycin D treatment. Since a majority of active genes replicate in early S-phase, our results suggest a correlation between levels of chromatin dynamics and chromatin poised for active transcription. Analysis of ChrD colocalization with transcription sites and cDNA with ChrD and transcription sites further supports this proposal.
Introduction
Microscopy studies of living cells have resulted in a remarkable breakthrough in our understanding of nuclear organization. Earlier views of chromatin as a static structure are being replaced with dynamic models (Fraser and Bickmore 2007; Kumaran et al. 2008; Lanctot et al. 2007 ). The vast majority of investigations that have led to this new dynamic view of chromatin are based on the exogenous introduction and labeling of DNA sequences at a limited number of chromatin sites in the cell nucleus using the lac operator/repressor method (Chubb et al. 2002; Heun et al. 2001; Li et al. 1998; Tsukamoto et al. 2000; Tumbar and Belmont 2001; Verschure et al. 2005) . In contrast, studies of the dynamic properties of the overall native chromatin in the cell nucleus have lagged behind (Abney et al. 1997) .
Replication labeling of DNA enables visualization of large regions of native chromatin in the cell nucleus with the distinctive morphological patterns characteristic of early, mid, or late S-phase (Ma et al. 1998; Nakayasu and Berezney 1989) . The newly replicating DNA occurs at numerous chromatin domains (ChrD) containing an average of~1 Mbp of DNA (Jackson and Pombo 1998; Koberna et al. 2005; Ma et al. 1998) . Upon completion of replication, the pattern of labeled ChrD is maintained as the cells progress through the cell cycle and into subsequent generations (Jackson and Pombo 1998; Ma et al. 1998) . Furthermore, the entire population of ChrD replicates during S-phase of subsequent cell cycles at the same time as the replication sites from which they were derived (Dimitrova and Gilbert 1999; Ma et al. 1998; Sadoni et al. 1999) , which supports the view that ChrD are basic structural units for DNA organization in situ (Jackson and Pombo 1998) . The ChrD are further spatially compartmentalized into higher order domains of precisely regulated replication timing (Berezney 2002; Wei et al. 1998) .
In a pioneering study, replicating DNA was labeled in living cells by microinjection of fluorochrome-coupled nucleotides into the cell nucleus (Zink et al. 1998) . Following several cell divisions, a subset of labeled chromosome territory regions were observed in accordance with segregation of the labeled chromosomes by semiconservative replication (Zink et al. 1998) . Within each chromosome territory region, numerous sub-chromosomal foci were detected that corresponded to the~1 Mbp ChrD identified in fixed cells (Ma et al. 1998) . Time lapse observations further revealed constrained positional transformations in the labeled chromosome territory regions (Zink et al. 1998) . Surprisingly, only limited studies involving relatively long time-lapse intervals (e.g., 20 min or longer) have been performed on the mobility properties of the ChrD visualized with this in vivo approach (Bornfleth et al. 1999; Edelmann et al. 2001; Zink et al. 1998) , and the relationship between native chromatin dynamics and its function has yet to be established.
With this in mind, we investigated the dynamics properties of chromatin associated with active genes that replicate in early S-phase compared to predominantly inactive chromatin that replicates in mid and late S-phase using time-lapse intervals as short as 3 min for collection of 3D image sets. We report that early S-labeled chromatin is significantly more dynamic than chromatin that replicates in mid or late S-phase. This higher level dynamics of early S-replicated chromatin is not inhibited by α-amanitin treatment but is significantly reduced with actinomycin D. We, therefore, propose that chromatin motion is not directly dependent on ongoing transcription. Instead, a high level of dynamics may be characteristic of the transcriptionally competent state of native chromatin and a crucial prerequisite for transcriptional regulation in vivo.
Results

Visualizing early, mid and late S-phase replicated chromatin in live cells
Exponentially growing HeLa cells, synchronized with a single aphidicolin block or non-synchronized in control cells, were microinjected with fluorochrome-coupled nucleotides: Cy3-or Alexa 488-dUTP. Incorporation of the microinjected nucleotides into numerous replication sites was observed along with the characteristic replication patterns of early, mid, and late S-phase (Nakayasu and Berezney 1989) . As predicted by semi-conservative replication, several days after microinjection, the fluorescent signal was confined to a few segregated areas, largely corresponding to individual chromosome territories ( Fig. 1a ; Edelmann et al. 2001; Zink et al. 1998) . Discrete ChrD of 0.3-0.5 μm in diameter were often surrounded by a more diffuse and less intense signal (Fig. 1a) . This was especially clear in early S-phaselabeled chromatin. Identical looking foci surrounded by diffusely labeled chromatin were also present in fixed cells labeled in vivo with BrdU (not shown). Time-lapse microscopy at 20-min intervals revealed translational motion and configurational changes in the individual ChrD, which were far more pronounced in early S-phase-labeled cells than in cells labeled in mid to late S-phase (Fig. 1b) .
The dynamics of the ChrD derived from early S was then studied at shorter 3-min intervals where many shifts in position were observed (Fig. 1c) . Moreover, while the configuration of chromatin labeled in mid to late S-phase appeared to be predominantly fixed (Fig 1b, bottom panels) , early S-phaselabeled chromatin exhibited extensive changes in shape (Fig. 1c) . These shape transformations typically involve the reorganization of individual ChrD from discrete to more diffuse domains or the reverse. We have documented numerous cases where fluorescent foci change from discrete to diffuse states and then back in a several min interval (Fig. 1c, bottom panels) . Detailed examination revealed that most ChrD derived from early S-replicating DNA exhibit at least some degree of shape change. Since projections images of the entire 3D stack of z-sections were examined (see "Materials and methods"), the characteristic changes from discrete to diffuse sites observed in this study cannot be a result of the translational motion of the ChrD in the z-axis plane. We, therefore, conclude that the bulk of early S-phase-labeled ChrD are not permanent structural entities but fluctuate between condensed and more relaxed configurations.
A bio-computational approach for measuring chromatin dynamics Previous experiments utilizing the lac-operator/repressor system showed that the position and configuration of Fig. 1 a Early S-phase labeled chromatin in living HeLa cells 3 days following microinjection of Cy3-dUTP. Left 2D maximal intensity projection of a deconvolved z stack of optical sections acquired with an inverted fluorescence microscope. Right A single confocal section. Labeled chromosome territory regions begin to segregate at this stage (notice unlabeled areas in nuclei). As it is seen on enlarged insets, both images show discrete and more diffuse (arrows) labeled chromatin regions. Scale bars are 5 and 2 μm for inset. b Comparison of the dynamics of early, mid, and late S-phase replicating chromatin domains (ChrD). HeLa cells were microinjected with fluorochromecoupled nucleotide during either early, mid, or late S-phase. Approximately three generations later the cells were observed at 20-min intervals. The two columns to the left show segregation of the label to individual chromosome territories; whiteoutlined representative chromosome territories were enlarged and shown in two right columns. Note the striking positional and configuration changes in the early S labeled ChrD (arrows). In contrast, chromatin labeled in mid and late S-phase is virtually static (arrowheads). Scale bars are 5 and 1 μm for enlarged regions. c ChrD fluctuate between discrete and diffuse configurations in live cells. HeLa cell labeled in early S-phase was acquired in timelapse mode and a representative area was cropped. Arrows point to ChrD undergoing transitions between discrete and diffuse organization. In mid and late S-phase labeled cells, these changes are not observed. Scale bar is 1 μm chromatin is altered by transcription activation or through the onset of DNA replication (Li et al. 1998; Mahy et al. 2002; Osborne et al. 2004; Tumbar and Belmont 2001; Volpi et al. 2000) and that chromatin motion correlates with the intranuclear location of chromatin loci (Chubb et al. 2002) . To offset potential variability in overall chromatin dynamics, we developed a bio-computational approach to measure the linear motion of the discrete ChrD with different replication timing within the same chromosome territory. Double microinjection experiments were performed on cells synchronized at the G1/S border to label replicating chromatin in early S and, following appropriate chase times, mid or late S-phase (Fig. 2a) . Following cell proliferation for 3-5 days, the fluorescent label is segregated and limited to a few chromosomal territories (Fig. 2a) . Sets of z-axis optical sections were acquired every 3 min, with acquisition times not exceeding 10 s/stack, deconvolved, and transformed into maximum intensity pixel projections. Segmentation of the individual ChrD was performed with spot-based segmentation software developed in our laboratory (Malyavantham et al. 2008a; Samarabandu et al. 1995) and corrected for translational motion of the cell and nucleus with image registration software (Jahne 2002) . Contoured segments of ChrD at sequential time points were then overlaid individually for each probe (Fig. 2b) . The distance between centers of gravity (centroids) at corresponding time points was measured to quantify positional changes of individual sites. This enabled us to measure the centroid-to-centroid distances in pixels at sub-diffraction resolutions (1 pixel≈ 0.07 μm) and to directly compare the translational motion of ChrD with different replication timing (i.e., derived from early versus mid or late S-replicating chromatin) within chromosome territories of the same nucleus (Fig. 2b, 
c).
Chromatin dynamics is correlated with replication timing Significant variability was detected in the average translational motion of ChrD in different cells as well as in different chromosome territories of the same cell (Fig. 3a, b) . Despite these variations, the averaged motion of early Sphase-labeled ChrD was in every instance significantly higher than their mid and late S-phase-replicated counterparts from the same chromosome territory (Fig. 3a, b) . Many cases were observed where striking motion changes in early S-labeled ChrD were in close spatial apposition to relatively immobile mid or late S-labeled ChrD (Fig. 2c ). Significant differences in the mobility of ChrD based on their replication timing were further emphasized by representative trajectory plots over 3-min intervals (Fig. 2b , rows two and four, far right) and by visualization of the centroids for the populations of ChrD at each time interval (Fig. 2b ). For example, in the mid-S ChrD centroid image merged between 0-and 12-min time points ( Fig. 2b ; third row, far right), >50% of the centroids were among the least mobile (within 4 pixels or <0.3 μm) as indicated by their white color, while this proportion was reduced to <20% in the corresponding early-S ChrD centroids (Fig 2b, fifth row, far right).
Linear displacement of labeled ChrD, averaged among individual chromosome territories, ranged from 0.16 to 0.37 μm/3 min, 0.08 to 0.21 μm/3 min, and 0.08 to 0.16 μm/3 min for early, mid, and late S-phase, respectively (Fig 3a, b) . The overall average linear displacements based on 1,420 measurements were 0.23 μm/3 min, 0.13 μm/ 3 min, and 0.08 μm/3 min for ChrD labeled in early, mid, and late S-phase, respectively (Fig. 3c ). These differences in mobility were statistically significant. Distribution analysis demonstrated that the majority of ChrD labeled in late S-phase were virtually immobile with 60% <0.1 μm/ 3 min, while <1% exceeded 0.3 μm/3 min (Fig. 3d) . The mid S-phase-labeled ChrD were also relatively immobile with 42% <0.1 μm/3 min and <3% exceeding 0.3 μm/ 3 min (Fig. 3d) . In contrast, only 17% of the early S-phaselabeled ChrD were immobile (<0.1 μm/3 min), and almost one third had positional changes exceeding 0.3 μm/3 min (Fig. 3d) . These double labeling results also reinforce our conclusions from single labeling experiments (Fig. 1b, c) that ChrD labeled in early S-phase undergo significantly greater configurational changes compared to their counterparts from mid or late S-phase and extend them to the level of individual chromosome territories observed in the same cell nucleus (Fig. 2) .
Since the majority of actively transcribed genes replicate in early S-phase (Goldman et al. 1984; Schubeler et al. 2002) , a correlation between active gene expression and chromatin dynamics is possible. As a step toward elucidating the interrelation of gene expression and chromatin dynamics, we incubated replication labeled cells with two transcription inhibitors (α-amanitin and actinomycin D) having different mechanisms of action. Inhibition of transcription by α-amanitin, which interacts with the transcription machinery, did not decrease the dynamics of chromatin in replication labeled cells (Fig. 3e) . Consistent with these results, DRB, a transcription inhibitor which interferes with pre-mRNA elongation but not directly with chromatin, showed no significant effect on the motility of genomic loci (Chubb et al. 2002; Thomson et al. 2004) . Similarly, a recent study visualizing chromatin via GFP fused to histone H4 did not indicate any significant influence of this transcription inhibitor on the chromatin dynamics (Wiesmeijer et al. 2008) . Preliminary results in our system have confirmed the lack of effect of DRB on chromatin motion (data not shown).These findings suggest that the dynamic state of chromatin is not a result of active transcription per se. Instead, it may be an epigenetic Fig. 2 Chromosome territory analyzed several generations after dual labeling for early and mid S-replicating chromatin domains (ChrD). a Schematic illustrating the segregation of replication labeled chromatin. Cell is labeled in two channels for early (red) and mid or late (green) S-phase replicating chromatin. Several generations following labeling, segregation of the label allows visualization of individual chromosome territories. b Chromosome territory exhibiting signal for both early and mid S-replicating ChrD (red and green channels, respectively) acquired with 3-min intervals (upper row). Second and fourth row: mid and early S-replicating ChrD, respectively, were segmented, corrected for cell movement, and merged. Earlier time point contours (red), subsequent time point (green). Trajectories are shown for representative early (row 4, right panel) and mid S-replicating ChrD (row 2, right panel). Third and fifth rows: enlarged centers of gravity (centroids) of contoured early and mid Sreplicating ChrD at consecutive 3-min intervals were merged as described above. Centroids of early (row 5, right panel) and mid S (row 3, right panel) replicating ChrD at 0 and 12 min were merged. Corresponding centroids that shifted 4 pixels (~0.3 μm) or less were colored white. Note that over 50% of the mid-S centroids were shifted in white versus <20% for the early S centroids. c White outlined area on the upper row was enlarged for each channel individually to show pronounced differences in the degree of configuration and position changes of early versus mid S-labeled ChrD. Scale bars are 1 μm property characteristic of chromatin poised for active transcription. Consistent with this view, actinomycin D, which inhibits transcription by intercalation into DNA, resulted in a significant decrease in the motion of the early S-derived ChrD and a dramatic reduction in configuration changes (Fig. 3e, f) . A unique mechanism of action has been proposed for actinomycin D involving the targeting of transcription competent pre-melted DNA conformation (Sobell 1985) . We, therefore, propose that structural alterations in the chromatin induced by actinomycin D binding results in a more static chromatin structure (a "frozen state") that is transcriptionally inactive (see "Discussion").
Detecting gene expression outside of discrete ChrD
As an initial step in studying the functional significance of chromatin motion and reconfiguration, we examined the localization of ChrD with either the transcription signal or gene-rich chromatin visualized via cDNA probe. Transcription sites (TS) were labeled in vivo by F-U incorporation into nascent RNA. Numerous sites of RNA synthesis were observed in the nucleoplasm and, under milder fixation conditions, in the nucleolus (see Fig. S1 and "Materials and methods"). Although TS were very abundant, only limited overlap of TS with the discrete early S-phase replicated ChrD was detected by direct observation of images as well as by line scan profiles ( Fig. 4a-d; Fig. S1 ). Instead, TS were significantly enriched in more diffuse chromatin regions surrounding the discrete sites (Figs. 1, 4a-d) .
As an approach to label chromatin enriched in genes that are actively transcribed in the overall cell population, a total cDNA probe was prepared from exponentially growing HeLa cells. Numerous studies have shown that cDNA probes effectively label individual genes on chromosomes (Galli-Stauber et al. 1998; Kamei et al. 1998; Ohbayashi et al. 1999; Thomsen et al. 1998; Wang et al. 1996; Yamashita et al. 2000) and a study of cDNA probe generated to individual human chromosomes revealed specific staining across only the chromosome of interest (Rouquier et al. 1995) . We reasoned that cDNA generated to the total poly A+ mRNA would enable labeling of a significant portion of the genes that were either actively transcribing or poised for transcription in the interphase nucleus especially those that produce the more abundant mRNAs. The cDNA fluorescent signal was organized into multiple foci, scattered throughout the nucleoplasm and excluded from the nucleolus (Fig. 4) . Although ChrD and cDNA foci were present in close proximity, only a small proportion of ChrD colocalized with the cDNA probe, as detected both visually and by line scan profiles (Fig. 4e-h ). In contrast, we detected a much higher level of overlap of cDNA with labeled TS (Fig. 4i-l) . The degree of colocalization was then quantified by determination of the Pearson correlation coefficients for each double labeled image set. This value ranges from −1 for completely separated to +1 for perfectly colocalized channels. Consistent with the line profile analysis, the average Pearson coefficient was 0.62 for TScDNA images compared to 0.30 and 0.24 for ChrD-TS and ChrD-cDNA images, respectively (n=15 cells for each group; Fig. S1 ). The weak signal for TS in the nucleoli for the experiments involving cDNA labeling is due to the harsher fixation conditions as confirmed by control experiments (see "Materials and methods"). Strong nucleolar staining for TS is observed, for example, in the ChrD/TS labeling experiment of Fig. 4a-c (Fig. S1a) .
Taken together, these findings support the view that active genes replicated during early S-phase unfold for active transcription into relaxed chromatin regions adjacent to the discrete ChrD. The constant configurational transitions that we observe in early S-labeled ChrD may, therefore, reflect a corresponding dynamics of gene expression wherein genes are relocated in or out of discrete ChrD accordingly to their transcriptional status.
Discussion
In this study, we have used the nucleotide microinjection approach (Zink et al. 1998) to investigate the dynamic properties of the~1 mbp ChrD (Ma et al. 1998) in the cell nucleus of live HeLa cells. Following synchronization at the G 1 /S border and a double injection approach (Fig. 1) , we have been able to simultaneously measure translational motion and configurational changes in ChrD replicated in early versus mid or late S-phase in the chromosome territories of the same nuclei. Our results demonstrate a significantly higher level of translational motion for ChrD which were replicated several generations before in early Sphase compared to mid and late S-phase counterparts (Figs. 1, 2, and 3 ). In addition, high levels of configurational changes were detected in the early S-phase-replicated ChrD which were virtually devoid in the mid and late Sphase-replicated ChrD.
Since chromatin replicated in early S-phase is highly enriched in actively transcribed genes (Goldman et al. 1984; Schubeler et al. 2002) , we further investigated the possible relationship of this dynamic behavior to the transcriptional state of the chromatin. We report that actinomycin D decreases the mobility of the early Sphase-replicated ChrD and completely prevents the configurational changes (Fig. 3) . Colocalization studies in fixed cells of labeled ChrD versus transcription sites or cDNA labeling revealed that the sites of active chromatin transcription were not localized within the confines of individual ChrD but rather along the periphery in more diffuse regions of chromatin, where the cDNA probe showed high levels of association with sites of transcription (Figs. 4 and S1) .
A profound difference between the structure organization of gene-rich and gene-poor genome regions has been reported, which correlates with either open, decondensed, or compact chromatin fibers (Gilbert et al. 2004 ). This feature of genomic organization is consistent with our findings of striking configurational transformations of the early S-replicated ChrD in contrast to mid and late S-phase chromatin, and the localization of the actively transcribed genes in more diffuse regions of the chromatin. Association of the gene-rich sequences with decondensed chromatin fibers may represent the basis for the differences in the dynamics of early and mid to late S-replicated chromatin. In turn, the linear motion and configurational transformations of early S-replicated ChrD could provide the basis for the long range spatial interactions of genes which have been described in a variety of experimental systems (Brown et al. 2008; Osborne et al. 2004; Simonis et al. 2006; Volpi et al. 2000) as well as enabling the interaction of the gene sequences with regulatory subnuclear domains (Lawrence and Clemson 2008) .
In addition, the dynamic properties of the early Sreplicated ChrD may be reflecting a constant modulation of gene expression in the cell nucleus. Predisposition to constant motion and configuration changes of the gene-rich ChrD would likely enhance molecular interactions that are productive for transcription regulation. Whether or not chromatin motion is a stochastic or an energy consuming and directional process, a dynamic assembly and disassembly of genes in ChrD and in close proximity to transcription regulatory subnuclear domains (Brown et al. 2008; Lawrence and Clemson 2008; Osborne et al. 2004; Thompson et al. 2003; Xu and Cook 2008) can act as an additional layer of control, modulating the access of chromatin to regulatory binding proteins that affect gene expression (Malyavantham et al. 2008b; Zaidi et al. 2007) .
Furthermore, the observed configurational changes of the ChrD may correspond to the unfolding or refolding of chromatin loops as they associate or disassociate from transcription factories or other regulatory elements of nuclear architecture (Malyavantham et al. 2008a, b) . Under this scenario, the observed movement of ChrD may enable distal genes from different ChrD to reach a common site where their expression is regulated. We, therefore, propose that chromatin dynamics may reflect the structural organization of chromatin into either condensed or open configurations (Gilbert et al. 2004 ) and can be a critical factor in epigenetic transcription regulation of the thousands of genes that are active in the cell nucleus of a mammalian cell. In this way, chromatin motion can be a prerequisite requirement for the complex interactions among the multiple components of the gene regulatory machinery.
Materials and methods
Cell culture and drug treatment
HeLa cells were obtained from ATTC (line CCL2) and were cultured in DMEM (Sigma) supplemented with 5% fetal bovine serum (Gibco), 1% penicillin/streptomycin, and 3.7 g/l NaHCO 3 at 37°C in a humidified atmosphere containing 5% CO 2 . Before microinjection cells were placed on thin glass bottom dishes (World Precision Instruments) or on 12-mm circular cover slips for immunolabeling and FISH experiments. Partial synchronization of the cells (~70%) was achieved at the G 1 /S border by a single aphidicolin block: the cells were incubated in DMEM containing 10 μg/ml of aphidicolin (14 h), washed with phosphate-buffered saline (PBS) and returned to regular media. As indicated, cells were treated with α-amanitin (50 µg/ml for 5 h) or actinomycin D (0.7 μg/ml for 10 min) prior to image acquisition. During the imaging, these transcription inhibitors were present in the medium.
Preparation of the total cDNA probe RNA was isolated from HeLa cells using RNAqueous-4PCR (Ambion, Austin, TX, USA) according to manufacturer's instructions. Total cDNA was generated by reverse transcription with M-MLV reverse transcriptase (Invitrogen, Fig. 4 Visualization of the transcription sites, cDNA, and early S-labeled chromatin indicates association of transcription with relaxed chromatin surrounding the discrete ChrD. Single confocal optical sections (0.5 μm) are presented. a Cells were labeled for early S-replicated DNA by microinjection and chased for 3 days (red, left panel) followed by in vivo labeling of transcription sites (TS) with fluorouridine (green, middle panel) (b). c Displays the merged images (a) and (b). d A line profile through (c) with ChrD in red and TS in green. Red arrowheads point to ChrD that do not overlap with TS. Intensity peaks corresponding to ChrD foci which colocalize with TS are marked by yellow arrowheads. As is demonstrated by the virtual absence of yellow signal in the merged image and the line profile, little colocalization was seen of the TS with the discrete ChrD. Instead, the TS were enriched within the lower intensity, relaxed chromatin found between the discrete ChrD (see also Fig 1) . e, f Cells were double labeled for ChrD (red, left panel) and chromatin enriched in transcribed sequences with a cDNA FISH probe (green, middle panel). In this case, the ChrD was labeled by in vivo pulsing with BrdU (20 min) followed by a 150-min chase to ensure that all of the labeled ChrD have finished replication (see Ma et al. 1998) . g Displays the merged images (e) and (f); h shows a line profile through (g) with ChrD in red and TS in green. Similar to the results with TS, the majority of ChrD foci do not colocalize with the cDNA. i, j Cell was double labeled for cDNA (red, left panel) and TS (green, middle panel). k Displays the merged images (i) and (j). l A line profile through (k) demonstrates a high degree of association of cDNA intensity peaks with TS peaks. Scale bar is 5 μm. Average Pearson Coefficients calculated for experiments demonstrated in (c, g, k, j, i) are~0.30, 0.24, and 0.62, respectively; n=15 (see also Fig  S1) . All lines used for intensity profiles (c, g, k) were artificially thickened to enhance their visibility b Carlsbad, CA, USA) using an anchored oligo-dT primer. Degenerate oligonucleotide-primed polymerase chain reaction (PCR) was performed with the following conditions 94°C for 3 min, 8 cycles of (94°C for 1 min, 30°C for 1 min, 30-72°C for 3 min, 72°C for 2 min), 35 cycles of (94°C for 1 min, 56°C for 1 min, 72°C for 2 min) with the last extension at 72°C for 5 min. DOP-PCR products were purified using a PCR purification column (Qiagen, Valencia, CA, USA). To control product length and incorporate label, a second round of PCR amplification was performed with the addition of 30% biotin14-dCTP and 70% dCTP and an elongation time of 30 s. Products were verified by gel electrophoresis to range between 200-700 bp.
Microinjection, immunolabeling, and FISH Microinjection was performed using the Eppendorf FemtoJet microinjector and Eppendorf InjectMan micromanipulator. Observations of the cells were performed on an Olympus IX-70 epifluorescence inverted microscope equipped with a z-motorized stage and a Sensicam CCD camera (Cooke Corporation), controlled by ImagePro Plus (Media Cybernetics). During microinjection and microscopic observation, cells were kept at 37°C in a heatcontrolled cell cultivation chamber (Olympus). For the labeling of early, mid, and late S-phase replicating chromatin, 100 μM Cy3-dUTP (Amersham) and/or Alexa 488-dUTP (Molecular Probes) in PBS were microinjected into each nucleus at 1, 7, and 11 h, respectively, after the block removal. In the majority of replicating cells, the observed labeling pattern (early, mid, or late S-phase) was in agreement with the synchronization protocol (Nakayasu and Berezney 1989) . Cells showing replication patterns different from that predicted by the synchronization protocol were excluded from observation. In control experiments, no differences were observed in labeling patterns between synchronized and nonsynchronized cells. Cells were observed 3 to 5 days after the injection, and no significant deviations were observed in the growth rate of microinjection-labeled cells.
Replication and transcription sites were labeled as previously described with BrdU and FU (Ma et al. 1998; Malyavantham et al. 2008a ). For cDNA visualization, cells were fixed in 4% PFA/PBS for 15 min, permeabilized for 10 min in 0.5% Triton X-100, freeze-thawed four times in a liquid nitrogen (Solovei et al. 2002) , incubated 10 min in 0.1 N HCl, then in RNase A (10 μg/ml) at 37°C and denatured in 70% formamide at 75°C for 8 min. Hybridization with cDNA probe (20 ng/cover slip) was performed overnight at 37°C. BrdU and FU labeling were visualized with rat anti-BrdU antibody (Harlan Sera Lab) following by anti-rat IgG coupled to Alexa 488 (Invitrogen). When combined with FISH, the FU signal was prefixed in 2% PFA prior to the hybridization protocol. Hybridized cDNA was detected with rabbit anti-biotin antibody (Enzo) followed by anti-rabbit secondary antibody coupled either to Alexa 568 (Invitrogen) or Cy3 (Jackson ImmunoResearch) . Under these harsher fixation conditions to optimize cDNA labeling, we observed only very limited staining of TS within the nucleoli. Control experiments involving milder fixation with 2% PFA for 10 min revealed typical strong decoration of nucleoli with TS (Fig. S1a ).
Microscopy and image processing
All images were collected as z stacks in separate channels; with a step of 0.5 μm, deconvolved using a nearest neighbor algorithm incorporated into Slidebook (Intelligent Imaging Innovations) and 2D images were generated using maximum intensity pixel projection. Average acquisition time for each stack was~10 s. The stacks in each time lapse sequence were acquired with constant intervals. Alternatively, 0.5-μm thick optical sections were acquired on a Bio-Rad MRC-1024 laser scanning confocal microscope imaging system equipped with a Nikon Optiphot 2 microscope, a Nikon 60×, 1.4 NA objective, and a krypton/argon laser (l=488/565 nm). For single labeling experiments, 60 cells labeled in either early, mid, or late Sphase were acquired with various time-lapse intervals in 26 sessions. For double labeling studies, 27 cells in nine sessions were documented. Five hundred seventy, 260, and 590 ChrD were measured for early, mid, and late S-labeled ChrD, respectively.
A computer software program was developed for the calculation of the ChrD linear movement length. In the first step, ChrD were segmented using an in-house developed, spot-based algorithm (Samarabandu et al. 1995) . As a second step, translation and rotation of the cell in x-y plane in subsequent time points were corrected using in house software running a modified algorithm of Jahne (2002) . Finally, the linear distance was measured between centers of gravity of corresponding ChrD.
